Abstract-Imbalanced loads arouse neutral current looping in the distribution system, which increases power loss and results in neutral potential variation. Compared to the conventional power transformer, the smart transformer (ST) has advantages on the downstream voltage regulation. Thus, this paper proposes a voltage control strategy based on ST to reduce the LV grid neutral current according with EN 50160 imbalanced voltage standard. The proposed control has been validated in the Matlab/Simulink, and the system performance under the proposed control has been simulated under the imbalanced loading profile in a 400 kVA, 10 kV/400 V distribution network. The results prove the proposed control can practically reduce the neutral current.
I. INTRODUCTION
In the distribution grid, even though 3-phase loads are scheduled as balanced as possible during the planning stage, 3-phase grid loads are still asymmetrically distributed in practice, due to the stochastic variation of the loads in different phases. These imbalanced loads could cause excessive current in neutral wire, giving rise to voltage drop through on the neutral wire and inadequate voltage for customers in downstream of the LV distribution grid [1] . Furthermore, the excessive current would produce extra losses in neutral wire.
In the conventional power transformer-based distribution grid, the excessive neutral line current caused by imbalanced load is not easy to be solved. However, the smart transformer (ST), which is based on a solid-state transformer, aiming to not only simply transform voltage from MV to LV level but also provide ancillary services to improve the distribution grid performances [2] . As shown in Fig.1 , the LVAC distribution grid voltage is formed by the ST LV side DC/AC converter, and thus the ST has a potential to reduce or eliminate this excessive neutral current by regulating the output voltage, due to the controllability of the power converters.
Some neutral current elimination strategies have been proposed based on the power converters. By using a four-leg converter, the voltage phase shifting control was provided to eliminate the neutral line current in [3] . Moreover, two methods to eliminate the neutral current by dynamically adjusting voltage amplitude and the mutual phase differences of the phase voltages respectively were proposed in [4] . Recently, an active neutral current elimination method by an extra neutral line current loop for a three-leg converter with the neutral line connecting to DC capacitors midpoint, was proposed in [5] . Although all of these methods can effectively eliminate the neutral current, the output voltage becomes dramatically imbalanced, especially in extreme load imbalance situation. The grid standard EN 50160 requires the voltage imbalance degree to be less than 2% [15] . Considering this standard, this paper proposes a control to both reduce the neutral current while still fulfil the grid standard.
The paper is structured as follows: Section II introduces the 4-leg inverter in the distribution system and reviews the neutral current elimination control. Section III introduces the proposed neutral current reduction control fulfilling the EN 50160 grid standard. Finally, Section IV compares these two controls in a 400 kVA distribution system, while Section V draws the conclusion.
II. NEUTRAL CURRENT ELIMINATION CONTROL
The basic configuration of a 3-stage ST consisting of an AC/DC rectifier, DC/DC converter with a high/medium frequency transformer and a DC/AC inverter, as shown in Fig.1 . Thanks to the three-stage configuration, besides the MV and LV AC grid, the ST can provide MV and LV DC grid, which are suitable to integrate renewable generators, charging station and energy storage system. The MV AC/DC converter is controlled as the conventional current-mode power controller, which has freedoms of degree to compensate the reactive power, support voltage and suppress harmonic current in MV side grid [6] . The DC/DC stage manages the DC system [7] and achieve power flow reverse control [8] Generally, the 3-phase inverter is 3-leg 3-wire, however if used in ST and installed in a distribution system, the phases would be hard to entirely decouple from each other. When the load is imbalanced, it would be difficult to output balanced voltage [12] . In this situation, it is proposed to use 3-phase 4-wire ST inverter, where the neutral wire can deal with the imbalanced current. Fig. 2 shows a 3-phase 4-wire ST inverter, based on a 4-leg inverter. The extra fourth leg, connected to the neutral wire, can solve the imbalanced current problem, and obtain better common mode voltage suppression [19] . Moreover, the additional neutral wire facilitates independent control of the 3-phase voltage. The emphasis on work is to reduce neutral current in the distribution side of ST and the control objective is the LVAC voltage, thus, the work focuses on ST LV side inverter only. Making use of the usual definition of sequence components [13] , and defining the phase A, B, C load impedance as respectively, and the neutral line impedance as . Then:
Where the subscripts "p" "n" and "o" represent positive-, negative-and zero-sequence component, respectively. V and I are the voltage and current, a is the operator equalling to .
Assuming (i.e. is negligible compared to load impedance).
When the 3-phase voltage is balanced, is the voltage rated value, while equals to 0. If the load is balanced, i.e. , then ; otherwise, , and the system has a certain neutral current.
A. Neutral Current Elimination Control
The control objective is to eliminate the neutral current, in other words, make the zero-sequence current equal to 0. We suggest that control the voltage to compel the zero-sequence current to approach 0, while keep the positive and negativesequence current fixed, i.e. and . Where are the output sequence current after neutral current elimination control works. Then, the controlled voltage would be:
The control measures the positive and negative-sequence currents, and computes the output voltage in (4) which makes use of the computed sequence voltage from (3). Consequently, the output current would be:
Then the neutral current would be:
In this way the neutral current could be eliminated by setting the zero-sequence current as 0 and using the original positive-, negative-sequence current.
B. Results
In order to validate the neutral current elimination control, a model of a 4-leg inverter feeding an imbalanced load as shown in Fig. 2 has been built in Matlab/Simulink. The simulation parameters are listed in Table I . The load is imbalanced, at the beginning, the output voltage is balanced; at 0.1 s, the neutral current elimination control is activated. Fig. 3 depicts the simulation results. As can be seem from Fig. 3 (c) , the neutral current is significant under the balanced voltage control; after the neutral current elimination control is enabled, the neutral current has been effectively eliminated. However, in order to achieve this neutral current elimination, the voltage must become imbalanced (see Fig. 3 (a) ). From Fig. 3 (b) , after the neutral current elimination control implementation, the phase current is still imbalanced while the neutral current is zero. This is due to the proposed control on zero-sequence current which not only varies the voltage amplitude but also changes its phases. 
III. NEUTRAL CURRENT REDUCTION CONTROL
In the real distribution systems, the phase angle and amplitude of voltage cannot be significantly varied, since a dramatically imbalanced output voltage has a significant negative impact on loads, such as induction machines [14] . Consequently, standards such as EN 50160 state that the imbalanced voltage degree in the distribution system, should be below 2% for 95% of the time [15] . Because the neutral current elimination control changes both voltage amplitude and phases, the estimation of voltage imbalance degree should consider amplitude and phase respectively under the following two measures.
Where / / is the maximum/minimum/average value of the amplitude of output 3-phase voltage, / is the negative/positive sequence of output voltage, UBF is the imbalanced ratio, PVUR is the amplitude imbalance degree [16] . Reference [17] compares and analyses the UBF and PVUR in the distribution system. According to the [17] , the paper suggests in the distribution system, both PVUR and UBF should be below 2% for the stable operation.
A. Neutral Current Reduction Control
The objective of neutral current reduction control is to reduce the neutral current while still satisfying the constraints on PVUR and UBF. In other words, the work tries to reduce the zero-sequence current, but due to the EN 50160 standard restriction, the zero-sequence current may not be totally eliminated, especially under the dramatic load imbalance situation.
Defining the controlled zero-sequence current as , where , and keeping the positive-and negativesequence currents fixed, i.e. and . Assuming the average voltage is equal to the rated value, i.e.
. Then (7) can be rewritten as:
Substituting the above conditions into (2) and transforming back to the abc phase frame gives:
By re-arranging the load phases, to meet the condition:
. Then, is the maximum value while is the minimum value. Substituting these into (9):
Considering that phase C leads phase A by 120º, substituting (10) into (11) we obtain:
In balanced voltage case:
Hence:
Substituting (14) into (12) gives:
For
, and ,then the minimum neutral current/zero sequence current would be: Note, the obtained . When the load is balanced, (16) would compute a negative value. In this situation, the neutral current should set to 0. Otherwise, it would make the voltage imbalanced and give rise to the neutral current.
Substituting (16) and , into (10), we obtain the reference voltage .
To confirm UBF standard in (8), assuming , then (8) can be rewritten as:
In the balanced situation:
Then:
Substituting (16) into (19):
The task now is to determine whether (21) is satisfied. Due to , applying vector computation we obtain:
In (22), because , it can be shown that , thus (22) is always less than 1. Therefore, UBF would be less than 0.7% all the time.
The neutral current can be reduced while the voltage imbalance degree adhere to the EN 50160 standard by setting the zero-sequence current as (16) and using the original positive-, negative-sequence current.
B. Results
The neutral current reduction control has been validated on the Matlab/Simulink using the same model ( Fig. 2 and Table I) as described in previous section. At 0.1 s, the neutral current reduction control is enabled. Fig. 4 depicts the relevant result and Table II compares the result to the neutral current elimination control result. From Fig. 4 , the neutral current is reduced after the proposed control is activated, while the output voltage appears to be still balanced. In Table II , although the neutral current elimination control could eliminate the neutral current, it has a PVUR = 20.45% which is well beyond the limit (2%). However, the neutral current reduction control adheres to the EN 50160 voltage imbalance standard for both UBF and PVUR, and can still reduce the neutral current by approximately 10%. 
IV. ANALYSIS AND COMPARISON IN A TYPICAL DISTRIBUTION NETWORK
In order to quantitatively compare the above two control performances, the control is applied to an ST assumed to be supplying a typical daily loading profile for a 400 kVA, 10 kV/400 V distribution network. The distribution network (Fig.  5 ) has 144 residential customers evenly distributed across three phases, with 48 customers per phase. A winter day imbalanced three phase loading profile with 1 minute resolution (Fig. 6 ) [18] is used in study. The load is modelled as residential static exponential load with voltage sensitivity equalling to 1.6 [18] . The simulation is computed using the Newton Power Flow analysis. Fig. 7 depicts the variation in neutral current at the ST, across the day in this distribution system under balanced output voltage, neutral current reduction control and neutral current elimination control. From the result, neutral current elimination control is obviously superior in terms of the neutral current reduction. Neutral current reduction control does give a certain reduction in neutral current, when compared with the balanced voltage control. Fig. 8 depicts the voltage imbalance degree under these two controls and compares to the EN 50160 standard constriction. Clearly elimination control fails to reach the requirement of the standard, with PVUR exceeding 2% all the time and UBF exceeding the 2% limit approximately 50% of the time. In contrast the neutral current reduction control achieves the limitation (2%) in PVUR all the time, in order to reduce neutral current, while, as expected, its UBF always below 0.7%. Therefore, the proposed method, neutral current reduction control, is practical for neutral current reduction in the distribution system. The paper proposed a practical neutral current reduction control suitable for implementation for the ST feeding a 3-phase 4-wire distribution system. The control can effectively reduce the neutral current while still maintain voltage imbalance within the limits set by the EN 50160 standard. The control does not change the ST output voltage rating and frequency, and therefore the proposed control could coordinate with other functions, such as demand control. However, the proposed control has less than 0.7% UBF and this value is far below than standard 2%, which means the performance is not optimal. There is a space for phase shifting to further reduce the neutral current until the UBF approaching 2%. This advance will be further researched in the future.
